Enzyme electrophoresis was used to examine genetic variation within and between populations of Echinococcus granulosus from domestic and sylvatic hosts in western and eastern Australia. Substantial genetic diversity was found within all populations. There was no evidence, however, of genetic differentiation between populations from different hosts or geographic areas. When isolates were grouped into previously described domestic or sylvatic strains on the basis of rostellar hook morphology, most (94 %) of the genetic variation occurred within, rather than between strains. These results conflict with the currently accepted theory of separate domestic and sylvatic strains of E. granulosus on the mainland of Australia.
INTRODUCTION
Echinococcus granulosus occurs on every inhabited continent. Although the definitive host is almost always a canid, a very wide range of intermediate hosts are utilized. Many intraspecific variants, or strains of E. granulosus have been described from different geographic areas or intermediate host species (Kumaratilake & Thompson, 1982 a; McManus & Smyth, 1986; Thompson & Lymbery, 1988) . These strains usually differ in a number of biological characteristics, often of importance to the epidemiology and control of hydatid disease.
Two models have been proposed to account for strain variation in E. granulosus. Smyth & Smyth (1964) suggested that strains arise from mutations in obligately self-fertilizing adults, expressed in homozygous form by the zygote and amplified by asexual reproduction in the cystic stage. Alternatively, Rausch (1967 Rausch ( , 1985 suggested that adults are normally cross-fertilizing and that strains arise, not as a direct consequence of the breeding system of E, granulosus, but as a result of geographic and ecological barriers between population-s associated with different domestic hosts. These models are not tnUtually exclusive, and a recent electrophoretic study found a pattern of genetic variation within Australian strains indicating that both cross-and self~fertilization occur in natural populations (LYmbery & Thompson, 1988) .
The existence of genetic diversity within populations may pose a problem in routine straintyping studies, which often assume that all parasites in a particular species of host in a particular locality are genetically and phenotypically identical (Lymbery & Thompson, 1990) . A more fundamental problem, however, arises from the likelihood that in such a wide-ranging species as E. granulosus, diversity within populations will be converted, by genetic drift or adaptive change, to differences in gene and genotype frequencies between populations. Should these populations be regarded as different strains? Thompson & Lymbery (1988) argued that the term 'strain' should be used as a practical descriptor denoting populations which differ genetically in characters of significance to the epidemiology and control of hydatid disease. The question of what constitutes a strain then becomes one of deciding which genetically differentiated populations are likely also to differ in characters of biological significance. As a first step, this requires a decision about where the major components of genetic variation lie. For example, is most variation found within local populations or between them? Is more variation found between populations from different species _of host or between populations from the same host species in different localities? On the mainland of Australia, E. granulosus is believed to be maintained in two different cycles oJ transmission: a domestic cycle principally between sheep and dogs, and a sylvatic cycle involving mainly macropod marsupials and dingoes (Kumaratilake & Thompson, 1982b) . Evidence of morphological, biochemical and developmental differences between isolates of domestic and sylvatic origin led to their proposed designation as distinct strains (Thompson Kumaratilake, 1985) . Recent morphological studies, however, have demonstrated more variation within, and more overlap between isolates from domestic and sylvatic hosts than previously suspected (Hobbs, Lymbery & Thompson, 1990 ). The present study was designed to complement this morphological analysis by examining genetic variation between is.olates from different host species and geographic areas in Australia.
MATERIALS AND METHODS

Samples
Fertile hydatid cysts were obtained from sheep and macropod marsupials in the south-west and southeast corners of Australia (Table 1 ). These two areas are separated by approximately 3500 km. Sheep were slaughtered at abattoirs in a number of localities from each area; we have no information on their origin or previous movements. Macropods were shot in state forests in the same localities. Protoscoleces were removed from cysts, washed in phosphate-buffered saline (PBS) and stored at -75°C. If sufficient proto scoleces were obtained, one or more dogs were infected and after 35 days, adult worms were removed using procedures described by Thompson (1977) , washed in PBS and s~ored at -75°C. The protoscoleces and adults derived from one cyst were regarded as one isolate. The number and size of rostellar hooks were measured for each isolate, as described by Hobbs et al. (1990) . A total of 65 isolates was obtained from all host species in both geographic areas. The isolates from each type of host (sheep or macropod) in each area (western or eastern Australia) are considered to represent a sample from a natural population (Table 1) . Enzyme banding patterns were interpreted genetically, as described by Lymbery & Thompson (1988) . Loci coding for the enzymes are referred to by italicised, lower-case abbreviations. Multiple loci are designated by number, beginning with the locus responsible for the most anodally migrating isozyme, Alleles are designated by superscripts which rep. resent the mobilities of their respective allozymes relative to that of the most common allozyme among all isolates (which is assigned a mobility value of 100).
Analysis
The genotype of each isolate was determined at as many enzyme loci as possible; some isolates could not be scored for all 23 loci. Genotypic and allelic frequencies were calculated for each population at all loci.
Genetic diversity within populations was described by three standard measures; P, the proportion of polymorphic loci, where a polymo r · phic locus is one at which the frequency of the most common allele is less than 99 %; A, the mean number of alleles at all loci; H, the total gene diversity or expected mean heterozygosity corrected for small sample size, defined as the mean of hover all loci, where h = (I-Ip7j (2Nj2N-l), p; is the frequency of the ith allele at a locus and N is the sample size (Nei, 1978) . For polymorphic loci, genotypic frequencies expected under Hardy· Weinberg equilibrium were calculated from allelic frequencies using Levene's (1949) correction for small sample size. Deviations of observed froJ11 expected genotypic frequencies were analysed by the log likelihood ratio (G) test. To test for associatio~ between alleles at different polymorphic loCI, observed multi-locus genotypic frequencies were compared with those expected from single-locus frequencies, using the G-test (Allard et al. 1972 than 5 were pooled and continuity was applied
Yates' where
Genetic differentiation between populations was described by Wright's F" values (Wright, 1951 , 1965 , calculated by the method of Weir & Cockerham (1984) , which explicitly corrects for a small number of populations and for small or unequal sample sizes. FST (Weir & Cockerham, 1984) . Jackknifing is a resampling procedure which allows estimation of a parameter whose distribution is unknown (Efron, 1982) . The sequential samples should be independent replicates which, in our case, implies that there is no association between alleles at different polymorphic loci. To determine whether mean values were significantly greater than 0, 95 % confidence limits were calculated from standard errors.
To provide a measure of the genetic relationship between populations, Nei's normalized coefficient of genetic identity (I), corrected for small sample sizes (Nei, 1978) , was calculated for all pairs of populations from allelic frequencies at all monomorphic and polymorphic loci.
RESULTS
Genetic diversity within populations
Among all isolates, variation was detected at 6 of the 23 loci assayed. In the absence of controlled breeding Est; G ~ 11.12, P < 0·001 at Np-2).
There was no evidence of associations between alleles at the 3 major polymorphic loci. Among all isolates, 6 out of 16 possible 3-locus genotypes were observed. Among isolates from the EAS population (where samples sizes were large enough for statistical analysis), 3-locus genotypic frequencies were not significantly different from those computed from the products of single-locus frequencies (G = 0'41, Table 3 shows allelic frequencies at the 3 major polymorphic loci in all populations. There was significant heterogeneity in allelic frequencies between populations at 1 locus (Table 4) . Over all loci, however, only 5·2 % of the variance in allelic frequencies was due to differences between populations (mean FST ~ 0·052, (1 ~ 0·998) between all populations (Table 5) .
P> 0·05).
Genetic differentiation between populations
Genetic differentiation between strains
On the basis of total number of rostellar hooks and length of the large hooks, measured on either protoscoleces or adults (Hobbs et aZ. 1990) , 33
isolates (29 from sheep and 4 from macropods) conformed to the mainland domestic strain of E. granulosus, while 11 isolates (all from rnacropods) conformed to the mainland-sylvatic strain, as des· cribed by Kumaratilake & Thompson (1984a isolates could not be classed as belonging to either strain on the basis of rostellar hook morphology, while 11 isolates were not measured. There was a significant difference in allelic frequencies at 1 locus between isolates typed as domestic or sy lvatic strain (Table 6) . Over all loci, there was significant heterogeneity between strains, although it accounted for only 6·1 % of the total variance in allelic frequencies (mean FST = 0'061, Table 6 ). This leaves almost 94 %J of genetic variation to be explained by differences between isolates within each strain. Nei's coefficient of genetic identity between strains, calculated over all loci, was 0·996.
DISCUSSION
Lymbery & Thompson (1988) reported polymorphism at six enzyme loci among isolates of E. granulosus from sheep on the mainland of Australia and in Tasmania. In the present study, we have found polymorphism at four of these loci, and another two (Np-2 and Pep) in isolates from both sheep and macropods on the mainland. Although levels of genetic diversity within populations are less than those reported for most other species of parasitic helminths (Nadler, 1987 (Nadler, , 1990 , our estimates are probably conservative (Lymbery & Thompson, 1988) . whether E. granulosus is nor:rp.ally self-fertilizing or cross-fertilizing may make little difference to the extent of genetic variation within strains; the breeding system can be inferred not from the existence of genetic variation, but from its pattern. In the present study, we found significant deficiencies of heterozygotes in all populations, as would be expected if E. granulosus is normally selffertilizing (Thompson & Lymbery, 1988) . On the other hand, these data may be at least partially explained by a Wahlund effect (Lymbery & Thompson, 1988) and the absence of associations between alleles at different loci suggests that crossfertilization, which recombines alleles and breaks up such associations, may also occur. Sample sizes in the present study were too small to provide reliable estimates of the outcrossing rate in E. granulosus. We are presently measuring multi locus variation in a much larger number of isolates, and these data will allow us to more accurately assess the breeding system.
The existence of two strains of E. granulosus on the mainland of Australia was first proposed by Kumaratilake & Thompson (1982b) . Thompson & Kumaratilake (1985) suggested that the strains were introduced separately into Australia, with the domestic strain arriving in sheep brought by European settlers and the sylvatic strain arriving many thousands of years earlier in dingoes brought by Aborigines. The independent origin of the strains would mean that they were adapted to different lifecycles, ensuring partial ecological and geographical separation ·in Australia. This scenario predicts that most genetic variation in E. granulosus on the mainland of Australia should be found between isolates from domestic and sylvatic life-cycles.
Our results do not confirm this prediction. While a substantial amount of genetic variation was uncovered, virtually all of it occurred within populations from the same host type (domestic or sylvatic) and geographic area. The mean genetic identity between natural populations was 0'998, which is higher than values reported for sub specific populations of most other organisms which have been studied (Ayala, 1975; Thorpe, 1982 Thorpe, , 1983 ).
Kumaratilake & Thompson (1984a, b) argued that, although the two strains of E. granulosus on the mainland of Australia were largely distinct, both ecologically and genetically, macropod marsupials sometimes harboured the domestic strain. If this occurred commonly in the areas we sampled, it could explain the lack of differentiation between populations in different hosts, even if different strains were present. There was significant genetic variation between isolates characterized as domestic or sylvatic, using the rostellar morphological criteria of Kumaratilake & Thompson (1984a) , but even so it accounted for only about 6 % of the total; 94 % of genetic variation occurred within the putative PAR 101 strains. Furthermore, the differences which were present cannot be confidently interpreted as resulting from a restriction in gene flow between isolates in domestic and sylvatic cycles, because host origin is confounded with geographic origin in such an analysis. Genetic identity between the strains (I = 0'996) was of the same order as that between natural populations.
The simplest interpretation of these data is that, while there may be substantial genetic diversity among isolates of E. granulosus on the mainland of Australia, there IS little evidence of genetic differentiation between populations in domestic and sylva tic life-cycles. This clearly conflicts with the conclusions of Kumaratilake & Thompson (1982 b; 1983 , 1984a and Thompson & Kumaratilake (1985) , who argued that the discontinuous nature of differences between isolates from sylva tic and domestic hosts in rostellar and strobilar morphology, in the banding patterns of soluble proteins and in the development rate of secondary cysts and adult worms, implied an underlying genetic separation.
There are two ways in which these conflicting interpretations could be reconciled. Firstly, some or all of the sylvatic isolates studied by Kumaratilake & Thompson may have come from an isolated relict population, genetically distinct from the populations we sampled. Our sampling sites did not include all the areas from which sylvatic isolates were received in previous studies and we have no evidence that the populations we sampled from sylvatic hosts had been maintained in predominantly sylvatic life-cycles. Secondly, the characters studied by Kumaratilake and Thompson may have been influenced by the environment of the intermediate host. This was suggested by our study of rostellar morphology (Hobbs et al. 1990) , and may also be true for strobilar morphology, development rate and even protein banding patterns, as there is no information on the relative magnitude of genetic and environmental components of variance in these phenotypic traits.
At this stage, we cannot conclude that the domestic and sylvatic strains of E. granulosus proposed by Kumaratilake & Thompson (1984a, b) and Thompson & Kumaratilake (1985) do not exist. It seems unlikely that the differences they described reflect a fundamental genetic disjunction between all populations in different life-cycles on the mainland of Australia. However, it is possible that a genetically distinct sylvatic strain exists in isolated sylvatic lifecycles. Future studies should examine isolates from sylvatic hosts in the areas sampled by Kumaratilake & Thompson (1983 , 1984a .
